Abstract: The analysis of particle size in suspensions carried out with use of the laser diffraction method enables us to obtain not only information about the size of particles, but also about their properties, shape and spatial structure, determined basing on fractal dimension. The fractal dimension permits the evaluation of the interior of aggregates, at the same time showing the degree of complexity of the matter. In literature, much attention is paid to the evaluation of the fractal dimension of fl ocs in activated sludge, in the aspect of control of single processes, i.e. sedimentation, dehydration, coagulation or fl occulation. However, results of research concerning the size of particles and the structure of suspensions existing in raw and treated sewage are still lacking.
Introduction
The sensitivity and measurement accuracy of optical instruments may differ, which infl uences the particle size range that may be measured with use of such tools. The SAXS (small-angle X-ray scattering) and SANS (small-angle neutron scattering) techniques are successfully used for the analysis of the properties of small particles, of a size lower than one micrometre (Bizi and Baudet 2006 , Patra et al. 2006 , Rice et al. 1999 , Weth et al. 2001 . The identifi cation of particles of a size up to several micrometres is possible if the light diffraction and light scattering methods, SLS (static light scattering) and DLS (dynamic light scattering), are used. In the DLS method the fl uctuation of scattered light is measured (Łomotowski et al. 2008 , Martínez-Pedrero et al. 2005 . The wavelength of the light source in the SLS method is signifi cantly longer than in the case of SAXS or SANS. The dimensioning of particles in static light source systems is based on LALLS (low angle laser light scattering) or SALLS (small angle laser light scattering).
The following terms are commonly used to describe measurement tools that measure the size of particles basing on the diffraction phenomenon and low angle light scattering technique: laser granulometer, laser diffractometer and laser diffraction spectrophotometer (Pye and Blott 2004) . The low-angle light scattering technique used in modern laser granulometers allows for the measurement of scattered light intensity I as a function of the wave vector q. The value of the wave vector q is defi ned as the difference between the falling ray and the scattered ray in the measurement cell and it is determined by the proportion (1):
where m is the refractive index of the medium, θ is the angle of laser light scattering, and λ is the wavelength of laser light.
Laser granulometers allow to measure the degree of dispersion and to characterize the particles that are present in a given material in the aspect of their shape and size (Bushell 2005) . These devices are also commonly used for the identifi cation of the spatial structure of particles based on their fractal dimensions (Burszta-Adamiak et al. 2009 , Chu et al. 2004 , Glover et al. 2000 , Thill et al. 2000 , Zheng et al. 2011 ). Suspensions, due to their highly irregular and disordered nature, may be described in one-, two-and three-dimensional area using the three fractal dimensions D f , where f has the values of 1, 2 and 3 (Gutkowska and Jodłowski 2014) . Fractal dimension may be determined from a geometric power relationship between each dimensionable spatial geometry of suspension particle (i.e. periphery, area, mass or volume) and specifi c aggregate length scale (Lee and Kramer 2004) . Fractal dimension D 1 refers to irregularity of periphery formed by the suspension particles. Two-dimension fractal dimension D 2 defi nes the relationship between the distance from the midpoint of the suspension-forming particle system and increase of mass within a defi ned area in a given distance (Chakraborti et al. 2003) . Value of two--dimensional fractal dimension D 2 may be also determined with the use of relationship between the size of the analyzed suspension particle area A and periphery P Kramer 2004, Rahmani et al. 2005) . Fractal dimension D 3 refers to the suspension morphology and determines the density ratio of individual particles in a given volume (Rahmani et al. 2005) . According to Shidaro and Zartarian (1997) , three--dimensional fractal dimension D 3 illustrates the spatial distribution of particle mass. For fractal materials, mass M of the suspension particles is proportional to their greatest dimension of length l, which increases exponentially (Jung et al. 1996 , Wu et al. 2002 .
The oldest measurement technique used for assessment of fractal dimension D 1 , D 2 and D 3 is image analysis (Bushell et al. 2002) . Image is usually provided from high-quality cameras, electron, optical and confocal microscopes. The acquired binary image is analyzed with use of dedicated software enabling the assessment of aggregate morphology: length, width, periphery and projection area. Fractal dimension D 3 may be determined using information on distribution of suspended particle sizes Kramer 2004, Logan and Klips 1995) . For this purpose, the accumulated distribution analysis is used, which, as opposed to analysis of standard distributions, minimizes the risk of measurement error occurrence. Determination of dimension D 3 based on particle size distribution is feasible with use of electrical particle sensor (gauge) Kramer 2004, Logan and Klips 1995) . Application of light dispersion technique to determine the fractal dimension D 3 is however the most commonly cited in the literature.
The fractal dimension allows for the evaluation of the interior of the aggregates and their physical properties, including: porosity, density, permeability, at the same time disclosing the degree of complexity of the object (Li and Logan 2001 , Vainshtein et al. 2004 , Zhao et al. 2013 . In literature, much attention is also paid to the evaluation of the fractal dimension of fl ocks in activated sludge, in the aspect of control of such single processes as sedimentation, dehydration, coagulation or fl occulation (Jin et al. 2003 , Qi et al. 2011 , Wang et al. 2014 ). However, there are still insuffi cient results of research concerning the structure of suspensions that exist in raw and treated sewage.
The proneness of organic substances in raw sewage to decomposition is determined to a large extent by the size of particles. This is why part of the organic substances and biogenic compounds of varied degree of dispersion is not removed in the course of the treatment process. This phenomenon results in an increase of pollution indicators, such as BOD 5, COD, suspension and total phosphorus, in treated sewage. The process of removing pollutants from wastewater, taking into account the size of particles, is not well known yet. It is diffi cult to determine what particle sizes identifi ed on the infl ow to the wastewater treatment plant intensify the wastewater treatment process, and which particles become bound with the biomass and retained in the system. The effectiveness of wastewater treatment can be determined by the comparison of the particle size distribution (PSD) before and after treatment process.
The study presents PSDs and three-dimensional fractal dimensions D 3 of suspensions contained in raw sewage, treated sewage and activated sludge, determined with use of laser granulometer. The objective of this paper was to perform the analysis of PSDs for suspensions contained in raw and treated sewages and activated sludge as well as analysis of spatial structure of these suspensions with use of fractal dimensions. The authors considered whether, in the course of distribution analysis, it is possible to determine the sizes of particles, which are bound along with biomass in the sewage treatment process and whether there is an impact of structure of suspension in the sewage infl owing the sewage treatment plant on formation of activated sludge structure. Samples of raw sewage, treated sewage and activated sludge were collected from wastewater treatment plant based on the activated sludge process without taking into account the technological parameters of the process and the purifi ed wastewater quality. All samples were assembled to plastic containers of a volume of 1.5 dm Particle size distribution (PSD) and fractal dimension D 3 PSD was measured with use of laser granulometer Mastersizer 2000, manufactured by Malvern. In order to obtain the correct quality of the measurement data, it was necessary to prepare samples containing an appropriate concentration of suspensions. Samples of raw sewage nearly always required to be diluted with water in 1:3 proportion, even 1:6 for samples containing a high amount of suspensions. Analogically, in the case of activated sludge it was necessary to lower the concentration radically. To achieve the desired particle concentration for the analysis, 10 ml of the activated sludge fl oc suspension was used. For treated sewage, the collected volume of 600 ml was nearly always analysed without need to dilute it. Dilutions of samples were necessary for acquisition of reliable measurement results. Too high concentration of sample did not allow proper values of laser light obscuration (from 10 to 20%) to be obtained in the measurement cell. If the particles are well dispersed we measure the scattering from each particle and avoid multiple refl ection.
Methodology of the tests
The fractal dimension of suspensions was determined with use of the EXCEL spreadsheet made available by the manufacturer of the laser granulometer Mastersizer 2000. Data obtained from the device, calculated in the spreadsheet, enable preparation of a diagram of the function Ι(θ), constituting the basis for the determination of the fractal dimension D 3 . The fractal dimension was determined basing on linear regression. Linear regression estimation error was analysed by determining the confi dence limits of the obtained values of straight line direction coeffi cients corresponding to the fractal dimensions of the analysed suspensions. The confi dence limits for the straight line gradient coeffi cient were determined with use of t-Student distribution. This distribution was selected, as it is more suitable for small samples than the standard normal distribution. The level of probability for which the calculations were performed, was determined at the confi dence level of 95%. Fractal dimension estimation errors for all samples did not exceed the value of ± 0.08. Only the most probable values of fractal dimensions are discussed in the further sections of the study, without providing the ranges of estimation errors.
Statistical analyses based on the obtained test results were conducted with use of STATISTICA 10 PL software.
Results of the tests
Distributions of the density of occurrence of suspension particles During several years of monitoring the test sites, differences in the composition and size of suspension particles identifi ed in activated sludge tanks and on the infl ow and outfl ow from the wastewater treatment plant were determined. A wide range of sizes of solid particles was defi ned as the percentage share of volume v of particles of diameter d i and presented in form of the function F(d i ).
In most cases PSDs in raw sewage were multi-modal ( Fig. 1) . Extremely high variability of PSDs, resulted, among others, from the process of transporting sewage to the wastewater treatment plant. However, basing on the results of the conducted research, the authors were unable to draw conclusions concerning the infl uence of the sewage system on the distribution of suspension particles present in the raw sewage. The highest share in the suspension volume in the raw sewage had particles of a size ranging from 12 μm to 168 μm. The size of the smallest particles identifi ed in the raw sewage ranged from 0.24 μm to 2.40 μm.
In the samples of treated sewage one-or bimodal distributions were identifi ed. Contrary to samples collected at long intervals, for samples collected at the same location, at short intervals similar PSDs were observed (Fig. 2) should mention that the analysis of particle size distribution was performed on the samples from the sewage treatment plant to which no chemical precipitation with metal salts was applied. Particles of sizes ranging from 26 μm to 250 μm were dominant in the volume of treated sewage. The lowest identifi ed particle sizes ranged from 0.20 μm to 2.90 μm. The range of particle sizes was similar as for the activated sludge, which is related to the phenomenon of sludge fl ocs outfl ow from the settling tank along with treated sewage. Distribution of particle sizes determined for activated sludge and treated sewage in most cases overlap in the area of sizes of activated sludge sizes, however the ranges of particle sizes have frequently different volume percentage values. In the case of several distributions generated for treated sewage presented in Figure 2 , a higher percentage share in the total volume of particles for sizes above 300 μm and below 10 μm is identifi ed comparing to activated sludge. Higher percentage values for the particles above 300 μm may demonstrate improper outfl ow of larger suspension agglomerates from the settling tanks.
In activated sludge samples uni-modal PSDs were prevalent (Fig. 3) . Activated sludge demonstrated relatively constant granulometric composition and this composition depended on time and place of sampling for analytical purposes. Within the same sewage treatment plant, changes of particle sizes distributions were minor. The highest share of particle size in the suspension volume was 35 μm to 337 μm, and the lowest identifi ed particle sizes ranged from 0.40 μm to 2.59 μm. In activated sludge, the presence of colloidal and supracolloidal (<1 μm) range particles can result in the deterioration of settling processes and dewatering conditions.
The limits of ranges of the size of particles identifi ed in the suspension present in selected samples of raw sewage, treated sewage and activated sludge presents Table 3 .
When comparing PSDs and the ranges of occurrence of specifi c particle sizes in raw and treated sewage it is diffi cult to estimate which particle sizes are captured in the wastewater treatment plant system and which ones are removed with the outfl ow from secondary sedimentation tanks. Similar particle size ranges occur both on the infl ow and on the outfl ow from 
n.d. -no data
the wastewater treatment plant. Figure 4 presents the calculated values of differences between particle volume recorded on the infl ow and on the outfl ow from the plant, in form of bar diagrams. Due to the large amount of data Figure 4 shows the mean values calculated with respect to all PSDs. The analysis of the obtained suspension PSDs for specifi c wastewater treatment plants enables us to notice that throughout the measurement range from 0.20 μm to 2000 μm part of the suspension particles volume was retained in the treatment plant system. A decrease in volume in the given particle size group, based on the comparison between infl ow and outfl ow, means that such particles are bound with the biomass and retained in the system. On the outfl ow from the wastewater treatment plant, as compared with the infl ow, the volume of particles up to 30 μm decreased, and the volume of particles ranging from 30 μm to 550 μm increased. Most of the particles of a size exceeding 550 μm were retained in secondary tanks. Exceptions are wastewater treatment plants WWTP 6 and WWTP 3, where it was demonstrated that particles of sizes ranging from 1 μm to 30 μm were removed to the outfl ow, although it is worth noting that a deterioration of the outfl ow from these plants was often noted during the period of the experiment. PSDs were also compared in the aspect of mean diameter values for sets of particles. Average particle set diameters may be determined directly basing on granulometric composition or indirectly, basing on the parameters of lognormal distribution described by equation (2).
where X is the geometric mean of a set of particles, and σ is the geometric standard deviation.
Basing The lowest values of D(3.2) diameters were noted for suspensions contained in raw sewage. For the analysed raw sewage samples, with one exception of the WWTP 2 treatment plant, the D(3.2) diameter was characterized by sizes ranging from 3.6 μm to 35.4 μm. The D(4.3) diameter was characterized by sizes ranging from 21.9 μm to 254.3 μm.
In the case of treated sewage and activated sludge, the D(3.2) diameter was in range from 1.9 μm to 123.0 μm. The highest differentiation in the value of D(3.2) diameters was noted for suspensions in treated sewage, however, the highest values of D(3.2) were nodded for activated sludge. The D(4.3) diameter was characterized by sizes ranging from 14.6 μm to 596.2 μm, with a dominance of smaller sizes, which proves that a suspension composed of such particles may be classifi ed as hardly sedimenting.
The analysis of the median values of the obtained result sets demonstrated that the mass of suspension particles in raw sewage is concentrated within the range of diameters higher than diameter values identifi ed in wastewater from the treatment plant (Table 4) . Additionally, the values of the mean diameter D(3.2) in raw sewage were lower than those of suspensions present in the activated sludge, which means that the active surface of particles present in raw sewage suspension is much larger, and thus these particles are characterised by better sorption and catalytic properties than particles found in activated sludge suspension. Fig. 4 . The calculated values of differences between particle volume recorded on the infl ow and on the outfl ow from all wastewater treatment plants also used in research presented in works by Logan and Klips (1995) . Fractal dimensions determined in such way may take values from 1 to a maximum of 3. Suspensions present in the activated sludge were characterised by a more cohesive structure (D 3 =1.99-2.32) than suspensions in raw and treated sewage, where the fractal dimension of suspension ranged, respectively, from 1.47-2.24 for raw sewage and 1.37-2.21 for treated sewage. Figure 5 presents a comparison of fractal dimensions of suspensions in a set of block diagrams, showing the determined values of medians, quartiles 25% and 75% and minimum and maximum values for D 3 dimensions. The median of the set of fractal dimension values D 3 for raw sewage was 1.89, for treated sewage 1.94 and for activated sludge -2.18. Lower values of the fractal dimension of suspensions present in raw sewage demonstrate that their spatial structure resembled straight structures, with a large amount of open spaces, while the activated sludge suspension is characterised by a much higher degree of matter concentration. Flocculated structure is an expanded feathery structure, which explains the higher values of fractal dimensions for this group of suspensions. The fractal dimension values were also subject to concentration analysis carried out with use of the Ward method, with aim to determine statistically signifi cant similarities among the obtained test results. Figure 6 shows a concentration tree diagram obtained for all test results of fractal dimensions of suspensions contained in raw sewage, treated sewage and activated sludge. Vectors describing the fractal dimensions of suspensions contained in raw sewage created a clear separate cluster compared to the vectors of fractal dimensions of suspensions in activated sludge. The results of cluster analysis extracted essentially two different types of spatial structures of suspensions, with a large amount of open spaces and expanded feathery structure. The fractal dimension values of suspensions contained in raw sewage originating from various sewage systems showed similarities only to others within their group and partly between others within their group and treated sewage for WWTP 3, WWTP 4, WWTP 5. In the case of treated sewage fractal dimension values showed the similarity between the values obtained for the activated sludge. As far as treated sewage and activated sludge are concerned, the results of cluster analysis confi rmed the commonly known thesis that often the composition and nature of suspensions that are present in treated sewage are infl uenced by the composition and nature of suspensions present in activated sludge, as suspensions composed of particles removed with the outfl ow from activated sludge tanks are often identifi ed in treated sewage. 
Characteristics of the obtained results of fractal dimensions of suspensions

Discussion
The measurements recorded with use of laser granulometer show a high variability of the PSDs in suspensions present in raw sewage and a lower variability in treated sewage on the outfl ow from the sedimentation tank. The variability was the lowest in samples of activated sludge. As far as the samples of treated sewage and activated sludge collected at the same location at short intervals, are concerned, similar distributions of particle occurrence in the suspension were observed. This proves the existence of seasonal changes in the distribution of particle sizes in activated sludge and in the suspension removed from the treatment plant with treated sewage. The dominant PSDs obtained in activated sludge samples were onemodal. Onemodal systems in PSDs for activated sludge were also observed by Gonze et al. (2003) and Chaignon et al. (2002) , while the existence of bimodal systems was proven, among others, in studies conducted by Lower (quot. Houghton et al. 2002) . Particle sizes present in raw and treated sewage and activated sludge covered practically the whole measurement range from 0.20 μm to 2000 μm. The smallest particles were identifi ed in raw sewage. The obtained test results demonstrate that wastewater treatment plants that use both sequencing batch reactors and continuous fl ow reactors cause the capturing of suspension particles. The occurrence of smaller particle size volumes (for particles up to 30 μm) in treated sewage in comparison to raw sewage lowers the amount of pollutants observed in the outfl ow, absorbed on the smallest suspension fractions. Pollutants are adsorbed on particles of various sizes, although Sansalone and Tribouillard (1999) determined that, for example, heavy metals are adsorbed more quickly on the smallest particles. The particle removal effi ciency of the treatments has also been found by Garcia-Mesaet et al. 2012 . The higher reduction of particle removal was achieved by the membrane bioreactor and the medium-load activated sludge systems.
Particles of the diameter up to 250 μm accounted for the highest percentage shares in particle volume for treated sewage, while in the case of raw sewage this applies to particles of a diameter up to 160 μm and particles up to 330 μm for activated sludge samples. Similar results concerning the identifi ed particle sizes in activated sludge, of approx. 300 μm, were obtained by Defrance et al. (2000) . On the other hand, Wiśniewski and Grasmick (1998) obtained a mean particle size exceeding 500 μm for sludge collected from the activated sludge chamber and the determined size of recirculated sludge fl ocs ranged from 20 μm to 500 μm. In studies conducted by Jordan et al. (1995) approx. 44% of the population was characterised by particle sizes ranging from 68.3 μm to 183 μm.
The differentiation of the obtained fractal dimension values suggests that the spatial structure of suspensions contained in activated sludge, raw and treated sewage, is different for each of the analysed treatment plants. The highest values of D 3 dimensions were noted for activated sludge, and the lowest for suspensions contained in raw sewage. At low D 3 values, the shape of suspension particles resembles elongate segments. As the value increases, suspension surfaces expand, creating spatial structures. The fractal dimension values obtained for raw and treated sewage are diffi cult to compare due to a low number of conducted studies in this area. The fractal dimension values obtained for activated sludge during the test period were often higher than 2. Such fractal dimension leads to the expansion of suspension surfaces, creating spatial structures, which might seem to increase the content of water in the sludge, and, as a result, lead to deterioration in sludge sedimentation. However, Turchiuli and Fargues (quot. Zaho et al. 2013 ) stated that the sludge bound-water content is decreased with the fl oc fractal dimension: less compact fl ocs contained more water but less bound water. This aspect requires further analysis.
The obtained fractal dimension values for activated sludge were similar to those obtained in the studies by Wu et al. (2002), Li and Yuan (2002) , Waite (1999) . However, many authors have reported that the average fractal dimension of the fl ocs depended on the coagulation conditions (Zaho et al. 2013 , Zheng et al. 2011 .What is more, two fl ocs of the same size can have different fractal dimensions, although large fl ocs are expected to exhibit a wider range of fractal dimensions than the small fl ocs (Vahedi and Gorczyca, 2012) . The obtained results for activated sludge demonstrate that activated sludge fl ocs have different abilities to adsorb pollutants. Flocs characterized by a more compact structure (high value of fractal dimension but smaller specifi c surface area) have a worse ability to adsorb pollutants than fl ocs characterized by a lower value of fractal dimension (Smoczyński et al. 2014) . Additionally, Li et al. (2008) found that fl oc size (D(4.3)) and fl oc structure (D 3 ) have also strong correlations with fi lament index (FI). Meng et al. (2006) found that fl oc size increased as FI increased and FI increased as the D f decreased.
Conclusion
The phenomena and processes that occur with the participation of suspensions are characterised by high complexity. It is necessary to develop new research methods and measurement techniques in order to analyse them in the qualitative and quantitative aspects. Techniques based on the light scattering phenomenon occurring in equipment known as laser granulometers enable us to obtain information concerning both the properties of particles creating the suspension and their spatial structure, basing on their fractal dimensions. The test results demonstrate that: Wastewater treatment plants that use both sequencing batch reactors and continuous fl ow reactors are more effi cient at capturing suspension particles of a size up to 30 μm and are characterised by an increased removal of particles of a size ranging from 30 μm to 550 μm.
Samples of treated sewage and activated sludge collected at the same location are characterized by similar particle size distribution. This resulted from the presence of particles discharged with the outfl ow from activated sludge tanks in treated sewage. For raw sewage, no unequivocal relationship between distributions of particle sizes acquired for the infl ow activated sludge and the sizes of particles for raw sewage was demonstrated.
The highest values of D 3 fractal dimensions were noted for activated sludge, and the lowest ones for suspensions contained in raw sewage. This proves that the spatial structure of suspensions present in raw sewage resembled linear structures, with a large amount of open spaces, while the structure of particles creating the suspension in activated sludge was much more spatially developed, in form of a feathery structure.
